Introduction
============

Amblyopia is the most frequent cause of reduced vision (unilateral or bilateral) in children, and is demonstrated by deficiencies such as loss of Snellen and grating acuity,[@b1-opth-8-049],[@b2-opth-8-049] loss of contrast sensitivity,[@b3-opth-8-049] and creation of distortions in the perceived shape of a stimulus.[@b4-opth-8-049] Amblyopia has been estimated to affect 1%--5% of the population,[@b5-opth-8-049] and may be associated with strabismus, anisometropia, and disruption of normal development of the lateral geniculate body during the neonatal period. This has been well established by quantitative histologic studies in several animal species and in humans.[@b6-opth-8-049]--[@b11-opth-8-049] However, the initial neural site corresponding to the visual deficit observed in this condition is still under investigation.

The loss of vision is thought to be secondary to abnormal relationships within the neuronal network in the primary visual cortex. Traditional treatment for amblyopia is based on depriving the good eye while optimizing the visual function of the amblyopic eye in childhood. The phrase "perceptual learning" describes a process whereby practicing certain visual tasks leads to improvement in visual performance. Visual performance can be improved with repetitive practice of specific controlled visual tasks. These repetitive tasks initiate neural modifications that can lead to improvement in neuronal efficiency. Perceptual learning is an alternative treatment option which modifies visual function in adult amblyopia. This has been demonstrated by improvement in vernier acuity in adults with amblyopia.[@b12-opth-8-049]--[@b16-opth-8-049] Vernier acuity is the ability to align two line segments. Humans can do this with remarkable accuracy.

The perceptual learning therapy program (RevitalVision LLC, Lawrence, KS, USA) is a noninvasive, software-based, patient-specific, interactive perceptual learning tool based on visual stimulation. It facilitates neural connections at the cortical level through a computerized visual training regimen using Gabor patches to improve contrast sensitivity and visual acuity.[@b14-opth-8-049],[@b16-opth-8-049]--[@b19-opth-8-049] This treatment approach aims to reduce the noise activity of single cells, thereby increasing the signal strength and readapting the cortex to higher contrast sensitivity and visual acuity levels. In the first stage, the patient is exposed to a set of visual perception tasks aiming to analyze and identify neural efficiencies or deficiencies. The basis of this visual stimulation is the Gabor patch ([Figure 1](#f1-opth-8-049){ref-type="fig"}), which matches the shape of the receptive field in the visual cortex and activates it efficiently. The fundamental stimulation-control technique is called "lateral masking" ([Figure 2](#f2-opth-8-049){ref-type="fig"}), where collinearly oriented flanking Gabor patches are displayed in addition to the target Gabor image. The patient is exposed to two short displays in a randomized successive manner, after which the patient identifies the display that contained the target Gabor image. An incorrect response by the patient is followed by reinforcing audio feedback. The task is repeated, and a staircase approach is applied until the patient reaches their visual threshold level. Based on this analysis, a patient-specific treatment plan is initialized. Subject specificity is established by administering patient-specific stimuli in a controlled environment.

This study attempted to evaluate the efficacy of perceptual vision (neural vision) therapy in enhancing best-corrected visual acuity (BCVA) and contrast sensitivity function (CSF) in amblyopic patients.

Materials and methods
=====================

This prospective study enrolled 99 amblyopic subjects aged 9--50 years. The patients were divided into two groups, ie, 53 subjects (53 eyes) in a perceptual vision therapy group and 46 subjects (46 eyes) in a control group. Informed consent was obtained from all subjects. The subjects included outpatients who met the inclusion criterion of hypermetropic amblyopia with no history of intraocular surgery, neurologic disease, retinal disease, glaucoma, nystagmus, or strabismus. An amblyopic eye was defined as one with a visual acuity of at least two lines worse than the best-corrected vision of the normal eye using a Snellen chart. Study phases included a baseline screening, a series of 45 training sessions with perceptual vision therapy, and end-of-treatment examination.

All subjects were screened using a detailed baseline eye examination which included manifest refraction, BCVA using Early Treatment Diabetic Retinopathy Study logMAR chart, cycloplegic refraction using 1% tropicamide, a cover-uncover test, prism test, extraocular movements, Worth 4 dot test, random dot stereopsis, CSF at 1.5, 3, 6, 12, and 18 cycles per degree spatial frequencies (Optec functional vision analyzer, Stereo Optical Company Inc., Chicago, IL, USA), intraocular pressure measurement, slit-lamp biomicroscopy, and fundus examination. Intraocular pressure, anterior segment, and fundus examination were normal in all eyes. All patients from the two groups were best-corrected one month prior to starting therapy. With the exception of one subject from the study group and two subjects from the control group, all subjects had occlusion during childhood. Amblyopic subjects in the study group underwent perceptual vision therapy training. Each training session lasted for approximately 30 minutes during which the subject responded to visual perception tasks displayed on a computer screen. The subjects responded to the tasks using the computer mouse and sitting 5 feet away from the screen. Each session was designed to train those functions in the visual cortex targeted for further enhancement.

At each session, an algorithm analyzed the subject's responses and accordingly adjusted the level of visual difficulty to the range most effective for further improvement. Between sessions, the progress of the subject was used as a baseline for the next session. Thus, for each subject, an individual training schedule was designed based on the initial state of visual performance, severity of dysfunction, and progress in the course of treatment. The treatment was applied in successive 30-minute sessions, administered three times a week, for a total of approximately 45 sessions. Visual acuity and contrast sensitivity were checked at 15-session intervals. The first sessions were performed at the clinic under supervision, with additional sessions performed at home. Each treatment station (home PC) was connected to the central database server via the Internet. After each training session, the results were automatically sent to the server via the Internet. The algorithm, which was located in the central server, calculated specific patient results and sent these back to the specific station as a tailored training task. This unique mechanism enables complete and comprehensive control of each patient performance, including data on exact date and time of training, length of training, and quality of training in high resolution. After completing the 45 training sessions, the subjects were scheduled for an end-of-treatment examination, which included the same basic assessments as the baseline examination. In the study group, there were a total of four visits, ie, a baseline visit, a 15th session visit (visit 1), a 30th session visit (visit 2), and an end of treatment examination (session 45 visit).

The 46 amblyopic subjects in the control group underwent 30 minutes of eye patching three times a week. They did not perform perceptual vision therapy, and instead played placebo computer games at home. The subjects were followed up bimonthly. At each visit, BCVA and CSF were checked. After completing their placebo computer treatment, the controls were scheduled for an end-of-treatment examination.

All subjects were followed up to 4 months. In the study group, the baseline, 15th session visit (visit 1), 30th session visit (visit 2), and end-of-treatment data (session 45 visit) were used for the statistical analysis. Compliance was verified automatically by the perceptual vision treatment system. In the control group, the baseline and end-of-treatment data (month 4) were used for statistical analysis. Statistical Package for the Social Sciences version 15 software (SPSS Inc., Chicago, IL, USA) was used for the data analysis along with one-way analysis of variance. A *P* value less than 0.05 was considered to be statistically significant.

Results
=======

The perceptual vision therapy group included 53 subjects (n=53 eyes) and the control group included 46 subjects (n=46 eyes), all with unilateral hypermetropic anisometropic amblyopia.

Demographics
------------

The study group included 30 females and 23 males aged 9--50 (mean 20.3±8.5) years with a refractive error ranging between +4.0 and +7.0 diopters. The control group included 30 females and 16 males aged 15--46 (mean 17.5±4.5) years with a refractive error ranging between +4.0 and +6.0 diopters.

Improvement in visual acuity in study group
-------------------------------------------

At the baseline examination, mean visual acuity was 0.42 logMAR; end-of-treatment examination revealed that the mean visual acuity had improved to 0.16 logMAR, demonstrating a mean improvement of 2.6 logMAR lines. This improvement was statistically significant (*z*=−3.24, *P*=0.001). BCVA in the amblyopic eyes increased by an average of 50.8%. The breakdown of BCVA improvement was as follows: 37.7% improved between 3.3 and 6.6 lines, 39.6% improved between 2.0 and 2.9 lines, 20.8% improved between 1.0 and 1.8 lines, and one individual had no improvement or regression of BCVA in the amblyopic eye. Total improvement of BCVA was not influenced by initial BCVA. [Figure 3](#f3-opth-8-049){ref-type="fig"} shows the logMAR BCVA from baseline to the end-of-treatment examination.

Improvement in visual acuity in control group
---------------------------------------------

At the baseline examination, the mean visual acuity was 0.4 logMAR; end-of-treatment examination showed that mean visual acuity had improved to 0.32 logMAR, demonstrating a mean improvement of 0.08 logMAR lines. This improvement was not statistically significant (*z*=−10.2, *P*=0.07).

Improvement in contrast sensitivity in the study group
------------------------------------------------------

Mean improvements of 75.5%, 68.7%, 52.2%, 42.2%, and 27.5% were found in the five CSF levels respectively, ie, A (1.5), B (3), C (6), D (12), and E (18) from baseline to treatment end. The five CSF levels were analyzed across the four time points, ie, baseline, visit 1, visit 2, and treatment end, using repeated-measures analysis of variance. The two-way interaction between time and CSF was significant (*F*\[12,660\]=2.29, *P*\<0.007, η[@b2-opth-8-049]=0.04, [Figure 4](#f4-opth-8-049){ref-type="fig"}). CSF differed significantly at the different time points. However, for most CSF levels, the second visit and treatment end did not significantly differ from each other, but the baseline and first visit data showed difference. In terms of the number of treatments and CSF, the number of treatment sessions were significantly correlated with improvement levels. Improvement of CSF was not influenced by age.

Improvement in contrast sensitivity in study group
--------------------------------------------------

Baseline CSF at 1.5, 3, 6, 12, and 18 cycles per degree spatial frequencies was 8.65, 7.38, 6.30, 5.2, and 2.15, respectively. After placebo training, CSF at 1.5, 3, 6, 12, and 18 cycles per degree was 7.38, 7.92, 6.4, 5.92, and 3.38, respectively. The difference was not statistically significant (*z*=11.5, *P*=0.08). None of the treated eyes showed a drop in visual acuity. Manifest refractions remained unchanged during the study. All patients were followed up to 4 months. By 4 months, five subjects in the study group had dropped out, but the others were followed up to 8 months.

Improvement in stereoacuity
---------------------------

Mean stereoacuity was 250 (range 250--400) seconds of arc in the study group. Only five patients in the study group showed an improvement to 20--100 seconds of arc. The others showed no improvement. Stereoacuity did not differ in the control group, which had a mean stereoacuity of 300 (range 250--400) seconds of arc.

Discussion
==========

The term "perceptual learning" describes a process whereby practicing certain visual tasks leads to an improvement in visual performance. Visual performance can be improved with repetitive practice on specific controlled visual tasks. These repetitive tasks initiate neural modifications that can lead to improvement in neuronal efficiency. Such neural modifications indicate the presence of brain plasticity. Brain plasticity in visual function of adults has been shown in various studies.[@b19-opth-8-049]--[@b21-opth-8-049] This technology has been demonstrated clinically in the treatment of adult amblyopia.[@b14-opth-8-049],[@b16-opth-8-049]--[@b19-opth-8-049] Polat et al studied 54 adult amblyopic patients who were randomized to a perceptual vision treatment program or a placebo vision training program for amblyopia. Pretreatment visual acuity in both study groups was 0.42 logMAR, and this improved by 2.5 lines in the perceptual vision treatment group, with no improvement in the control group. CSF improved to within the normal range. These improvements in acuity and CSF were sustained after 12 months.[@b14-opth-8-049] Another recent study has demonstrated the efficacy of this technique in amblyopic children aged 7--8 years who had failed conventional patching.[@b15-opth-8-049] Other studies have demonstrated the efficacy of perceptual vision therapy in improving unaided vision in low myopic patients[@b20-opth-8-049] and improving unaided vision in presbyopic patients,[@b21-opth-8-049] as well as in post-refractive surgery patients.[@b22-opth-8-049]

The results of our study demonstrate the efficacy of perceptual vision therapy in improving visual acuity. The improvement of 2.6 logMAR lines in visual acuity is encouraging and is consistent with the results of previous studies.[@b14-opth-8-049],[@b15-opth-8-049],[@b20-opth-8-049] While the control group did demonstrate a minimal positive trend, no significant changes in vision were recorded. This suggests that the improvement in the treatment group was not a result of memorizing the vision charts used. CSF also improved after perceptual vision therapy. Although we have good results with this treatment, further studies of this technique and longer follow-up are needed to evaluate the efficacy of this treatment.

**Disclosure**

The authors report no conflicts of interest in this work.

![The Gabor patch.](opth-8-049Fig1){#f1-opth-8-049}

![Lateral masking technique.](opth-8-049Fig2){#f2-opth-8-049}

![LogMAR best-corrected visual acuity from baseline, first visit, second visit, and treatment end.\
**Abbreviations:** logMAR, logarithm of the minimum angle of resolution; BCVA, best-corrected visual acuity.](opth-8-049Fig3){#f3-opth-8-049}

![Contrast sensitivity function from baseline, first visit, second visit, and treatment end with standard error bars.\
**Abbreviation:** CSF, contrast sensitivity function.](opth-8-049Fig4){#f4-opth-8-049}
